Crystal and molecular structure of adducts C 4 H 8 O 2 ·SO 3 and C 4 H 8 O 2 ·2SO 3 were determined by X-ray structure analysis and Raman spectroscopy. Both compounds crystallize from excess of 1,4-dioxane as solvate C 4 H 8 O 2 ·SO 3 ·C 4 H 8 O 2 , which was characterized by the same methods. Conditions for preparation of all the three compounds in high purity and good yields were optimized. Solvates C 4 H 8 O 2 ·H 2 SO 4 and C 4 H 8 O 2 ·H 2 S 2 O 7 were identified among products of self-decomposition of C 4 H 8 O 2 ·SO 3 and C 4 H 8 O 2 ·2SO 3 in tetrachloromethane solution, respectively.
The use of free sulfur trioxide as a sulfonation agent of organic compounds is limited due to its high reactivity and leads very often to charring. Therefore several attempts has been made to use less reactive donor-acceptor (D-A) complexes of the oxide for this purpose 1 , the first of which was a use of rather non-reactive py·SO 3 (refs [2] [3] [4] (2) , were used, e.g., in the sulfonation of olefins 5 and aromatic compounds 5, 6 . Both complexes were prepared by the reaction of sulfur trioxide with 1,4-dioxane either in an inert solvent 5 or in the gas phase 7 . However, the pure complexes were not isolated and their crude mixture was used as a "D.S. Reagent" 5 . Until now, these complexes have not been obtained as pure compounds and their structure and bonding properties have not been studied. Calorimetric studies of the reaction of 1,4-dioxane with sulfur trioxide in 1,2-dichloroethane only confirmed their existence but excluded the existence of adducts with a higher content of sulfur trioxide, e.g. C 4 H 8 O 2 ·3SO 3 (ref. 8 ). Therefore we have attempted to find a suitable way of their isolation and to determine their molecular and crystal structures.
EXPERIMENTAL
Sulfur trioxide was obtained by distillation from 20% oleum (a solution of SO 3 in H 2 SO 4 ), commercial 1,4-dioxane was purified and dried by common procedures. All operations were performed in Schlenk vessels under dry air.
Raman spectra (cm -1 ) were recorded on a Raman module FRA 106/S connected with a Bruker IFS 55 Equinox spectrometer. The samples were measured directly in Schlenk vessels, the spectra were excited by the 1064 nm line of a Nd:YAG laser (350 mW). The line intensities are reported using a scale ranging from 0 to 10. The X-ray intensity data were collected on a KUMA KM-4 CCD kappa-axis diffractometer using a graphite-monochromatized MoKα radiation (λ = 0.71069 Å). The structures were solved by direct methods. Non-hydrogen atoms were refined anisotropically, while hydrogen atoms were inserted in calculated positions and isotropically refined assuming a "ride-on" model. Details of data collection and structure refinement are summarized in Table I . The program package SHELX97 (ref. 9 ) was used for the structure determination and structure refinement, the drawings were made by the XP program of the Bruker SHELXTL V5. Crystal system triclinic triclinic monoclinic triclinic Limiting indices -10 < h < 7 -11 < k < 11 -12 < l < 12
-12 < h < 9 -12 < k < 12 -12 < l < 13 -10 < h < 9 -11 < k < 10 -11 < l < 6 1214 sh (1), 1217 (1), 1296 (1), 1336 (1), 1343 (1), 1348 (1), 1358 (1), 1371 (1), 1407 (1 
RESULTS AND DISCUSSION
The reaction of equimolar amounts of sulfur trioxide and 1,4-dioxane performed either in an inert solvent or in the gas phase always leads to a mixture of 1 and 2 which, when recrystallized from 1,4-dioxane, gives well developed crystals of solvate 3 only. When the reaction is carried out with SO 3 and 1,4-dioxane in molar ratio 2:1 in tetrachloromethane, pure microcrystalline 2 can be isolated. Crystals of 2 suitable for X-ray structure determination can be obtained by recrystallization from nitromethane. The most effective method of the preparation of 1 is the reaction of 2 with equimolar amounts of 1,4-dioxane in nitromethane. Recrystallization of both 1 and 2 from 1,4-dioxane leads always to the formation of 3, as expected.
The solvent molecule of 1,4-dioxane in 3 can be removed at laboratory temperature in vacuo but this is always accompanied by partial decomposition of thus obtained 1 and, therefore, this procedure is not suitable for the preparation of pure 1.
If the reaction mixtures of sulfur trioxide and 1,4-dioxane in molar ratios 1:1 and 2:1 in tetrachloromethane are kept at room temperature for several days, two dark-brown immiscible liquid layers are formed. Small amounts of the already known adduct C 4 H 8 O 2 ·H 2 SO 4 (ref. 11 ) can be isolated at the ratio 1:1 by a careful vacuum reduction of the heavier layer. By a similar procedure, adduct C 4 H 8 O 2 ·H 2 S 2 O 7 (4) can be obtained from a mixture with the 2:1 ratio of the reagents.
Description of Structures
Four molecules of 1 are included in general positions of the unit cell, one pair of those molecules forms dimer due to weak intermolecular S-O···S contacts (3.18 Å). These dimers are aligned in rows which are further arranged into layers. There are no intermolecular contacts between the other two molecules in unit cell, although the rows of these molecules form layers, surrounded by the layers built from dimers. The SO 3 groups of neighboring molecules in rows are oriented on opposite sides (Fig. 1) . The number of molecules in unit cell of 3 is identical to that of 1, no intermolecular contacts can be observed. The layered structure of 1 is preserved also in 2 (Fig. 2) . Orientation of SO 3 groups in neighboring layers is opposite. Between the double layers the layers of solvating 1,4-dioxane molecules lying in special centrosymmetric positions are inserted.
The unit cell of 2 depicted in Fig. 3 contains only two molecules lying in centers of symmetry. Molecules 2 are formed in rows and layers in a way similar to that in 1 and 3. In the neighboring layers, the molecules are shifted forming the structural motive ABAB.
The average length of terminal S=O bonds in 1 and 2 is 1.422 Å identically, in 3 it is a little shorter ( 
Raman Spectra
Of compounds 1, 2 and 3, compound 2 shows the simplest Raman spectrum (Fig. 5) which is in full agreement with the centrosymmetry of its molecules (C 2h ) -of a total of 60 normal vibrations only half of them are active in the Raman spectrum. The only absorption band which can be unequivocally identified in the spectrum is that of symmetrical valence vibration υ s (SO 3 ) at 1069 cm -1 . Antisymmetric valence vibration bands of the SO 3 group can be expected in the region 1250-1350 cm -1 (e.g., 1298 and 1327 cm -1 in Me 3 N·SO 3 (ref. 12 )) in which are also present deformation vibrations ω and τ of CH 2 groups of 1,4-dioxane molecules 13 The highest possible symmetry of the molecule 1 can be only C s and, therefore, all 48 normal vibrations can be present in the Raman spectrum. However, the situation is complicated by the presence of two crystallographically non-equivalent molecules in the unit cell which fact can double the number of observed bands. This is suggested by splitting of the υ s (SO 3 ) into a well-resolved doublet (1046 and 1064 cm -1 ). Other O-SO 3 vibration bands can be interpreted in a similar way.
The character of the Raman spectrum of 3 is similar to that of 1, as expected since the packing of the molecules in their crystal structures is closely related. The wavenumbers of bands belonging to solvate molecules of 1,4-dioxane are practically the same as those in free molecules (breathing vibration lies only 2 cm -1 lower) which complies with absence of intermolecular contacts in the crystal structure of 3.
